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Intrinsically disordered domains have been reported to play important roles in signal transduction networks by
introducing cooperativity into protein–protein interactions. Unlike intrinsically disordered domains that become
ordered upon binding, the EF-SAM domain in the stromal interaction molecule (STIM) 1 is distinct in that it is
ordered in the monomeric state and partially unfolded in its oligomeric state, with the population of the two
states depending on the local Ca2+ concentration. The oligomerization of STIM1, which triggers extracellular
Ca2+ influx, exhibits cooperativity with respect to the local endoplasmic reticulum Ca2+ concentration.
Although the physiological importance of the oligomerization reaction is well established, the mechanism of
the observed cooperativity is not known. Here, we examine the response of the STIM1 EF-SAM domain to
changes in Ca2+ concentration using mathematical modeling based on in vitro experiments. We find that the
EF-SAM domain partially unfolds and dimerizes cooperatively with respect to Ca2+ concentration, with Hill
coefficients and half-maximal activation concentrations very close to the values observed in vivo for STIM1
redistribution and extracellular Ca2+ influx. Our mathematical model of the dimerization reaction agrees
quantitatively with our analytical ultracentrifugation-based measurements and previously published free
energies of unfolding. A simple interpretation of these results is that Ca2+ loss effectively acts as a denaturant,
enabling cooperative dimerization and robust signal transduction. We present a structural model of the
Ca2+-unbound EF-SAM domain that is consistent with a wide range of evidence, including resistance to
proteolytic cleavage of the putative dimerization portion.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).Introduction
It is well known that intrinsically disordered
domains (IDDs) are common in eukaryotic proteinsatter © 2014 The Authors. Published by Els
mons.org/licenses/by-nc-nd/3.0/).[1], in particular in protein–protein interaction (PPI)
hubs [2]. The functional role of IDDs in PPIs has
been explained in terms of versatility: their flexibility
allows them to interact with multiple binding partnersevier Ltd. This is an open access article under the CC BY-NC-ND
J. Mol. Biol. (2014) 426, 2082–2097
2083Intrinsic Disorder and Signal Transduction in STIM[3]. In addition, since order/disorder reactions can
be triggered by changes in the local chemical
environment, phosphorylation, or ligand binding,
IDDs play important roles as switches in signaling
pathways [4]. Moreover, several recent studies [5–8]
have shed light on another function of IDDs that
underlies their role in PPIs: cooperativity. By folding
upon binding, IDDs can mediate allosteric coupling
between spatially distant domains. For example, the
binding of tetracycline (Tc) to the Tc repressor (TetR)
causes the dynamics of the intrinsically disordered
DNA-binding domain to become strongly coupled to
the more structured Tc binding/dimerization domains
[8]. Another example of IDD-mediated cooperativity is
the phd antitoxin of the phd/doc toxin–antitoxin
operon, which is an extrachromosomal addiction
module located on the P1 prophage and is responsi-
ble for the postsegregational killing effect (death of
plasmid-free cells) of Escherichia coli [7]. The IDD in
phd was shown to be stabilized by binding to doc,
which, in turn, increased or decreased phd's affinity for
its target DNA sequence, depending on the relative
phd/doc ratio [7]. In a third example, the IDD-containingSP TM
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Fig. 1. Overview of STIM1 function. (A) Domain architectur
(B) Schematic illustration of CRAC channel opening.adenovirus protein E1A was shown to mediate either
positive or negative cooperativity between host pro-
teins TAZ2 and pRB, depending on the availability of
E1A-binding sites [5]. More recently, ligand-dependent
folding was found to regulate the activity of the
homodimeric enzyme aminoglycoside N-(6)-acetyl-
transferase-Ii [6]. Interestingly, Hilser and Thompson
showed earlier that an IDD in a multi-domain system
could maximize allosteric coupling between ligand-
binding sites [9]. The above are just four examples of
such “IDD-mediated allostery”, but the abundance of
IDDs in signaling molecules and nuclear proteins
suggests that there may be a greater link between
intrinsic disorder and the cooperativity of intermolecular
interactions than previously realized.
Here, we describe yet another variation on IDD-
mediated cooperativity. In the examples above, the
IDD in question becomes ordered upon ligand binding,
and this ordering facilitates energetic coupling be-
tween spatially separated binding sites. In contrast, the
endoplasmic reticulum (ER) luminal domain in the ER
membrane-bound stromal interactionmolecule (STIM)
1 equilibrates between a foldedmonomeric state and aCytosolic region
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es of luminal and cytosolic regions are indicated to scale.
2084 Intrinsic Disorder and Signal Transduction in STIMpartially unfolded oligomeric state, with the population
of the two states depending on the local calcium
concentration. Such “conditional disorder” has been
demonstrated previously in the case of stress-induced
chaperones, which unfold upon loss of zinc binding
[10]. STIM1 proteins play a critical role in store-
operated Ca2+ entry (SOCE), a mechanism used by
many cells, including immune cells, to increase
intracellular Ca2+ concentrations, leading to the
transmission of a wide variety of signals. Several
studies in mice have indicated that SOCE is physio-
logically important inmast cells [11], T cells [12], B cells
[13], and skeletal muscles [14]. Mutations in the Stim1
gene typically result in severe combined immunode-
ficiency [15].
STIM1 contains a single-pass transmembrane helix
that separates cytoplasmic and luminal regions
(Fig. 1A). The luminal region contains a “canonical”
Ca2+-binding EF-hand motif (cEF-hand), a second
“hidden” EF-handmotif (hEF-hand) that does not bind
Ca2+, and a sterile alpha motif (SAM) domain;
collectively, these three luminal motifs are referred to
as the “EF-SAM” domain [16]. When the luminal Ca2+
concentration is high, the EF-SAM domain is mono-
meric, and a solution structure of the monomeric,
Ca2+-bound EF-SAM domain has been determined
[17]. The cytosolic region contains coiled-coil, proline/
serine-rich, and lysine-rich regions, which are report-
ed to dimerize in the resting state (i.e., when the Ca2+
concentration in the ER is high) [18]. The EF-SAM
domain oligomerizes upon a drop in the local Ca2+
concentration; oligomerization of the EF-SAM domain
leads to structural rearrangements in its cytoplasmic
regions [19], which, in turn, results in translocation
toward the plasma membrane (PM), opening of the
PM Ca2+ channel Orai1, and restoration of resting
Ca2+ levels (Fig. 1B) [20]. STIM proteins thus play a
central role in the regulation of Ca2+ release activated
Ca2+ (CRAC) channel activation [21].
It has been shown in vivo that STIM1 activation is
cooperative with respect to the luminal Ca2+ concen-
tration [22,23], enabling STIM1 to robustly transduce
chemical information into a quasi-binary mechanical
signal across the ER membrane. Here, we demon-
strate that the EF-SAM domain by itself exhibits
cooperative dimerization and unfolding upon Ca2+
loss in vitro with a Hill coefficient and a half-maximal
activation (K1/2) that are very close to the values
observed for STIM1 activation in vivo. The dissocia-
tion constant showed an exponential dependence on
Ca2+ concentration, behavior often observed in
chemically induced unfolding. Based on a wide
range of in vitro experimental results, we propose a
mathematical description of the EF-SAM/Ca2+ sys-
tem that is both simple and distinct from current
allosteric models.
The unfolding of the EF-SAM domain upon Ca2+
loss precluded structure determination of the apo form
by NMR spectroscopy. However, by incorporating CDand analytical ultracentrifugation (AUC) results with in
silico structural modeling, we were able to identify a
putative dimer interface that was subsequently shown
to be resistant to proteolytic cleavage. Taken together,
this study places the STIM1 EF-SAM/Ca2+ system
within a class of signaling proteins regulated by
IDD-mediated cooperativity, which perhaps surpris-
ingly leads us to a better understanding of its partially
unfolded Ca2+-free structure.Results
The STIM1 EF-SAM domain forms soluble
oligomers upon Ca2+ loss
It is known that the STIM1 EF-SAM domain forms
oligomers upon Ca2+ depletion but remains mono-
meric when Ca2+ is abundant [17]. In order to further
characterize this transition, we prepared EF-SAM
domains at various Ca2+ concentrations in the range
0.0–1.0 mM and examined them by gel filtration. As
Ca2+ concentrations were lowered, the peak elution
volume shifted, consistent with the formation of
oligomers (Fig. 2A). Two sharp peaks were formed
at Ca2+ concentrations in ranges 0.0–0.1 and 0.5–
1.0 mM, which were estimated to correspond to
masses of approximately 70 and 27 kDa, respec-
tively. If we associate the second peak with the
known (17.4 kDa) monomeric state, then the first
peak might correspond to that of a dimer. However,
since protein unfolding can significantly affect elution
time, we next examined the stoichiometry of the
oligomerization reaction by other methods.
The EF-SAM domain forms predominantly
dimers upon Ca2+ loss
To quantify the stoichiometry of EF-SAM oligomers
as a function of Ca2+ concentration, we subjected the
peak fractions from gel filtration to AUC analysis.
Subsequent gel-filtration analysis (data not shown)
confirmed that the protein solutions were stable over
the time range of the AUC experiments. Consistent
with the gel-filtration results, the effective molecular
weights fitted to AUC measurements indicated that
the STIM1 EF-SAM domain forms predominantly
monomers and dimers but not higher-order oligomers,
even at very low Ca2+ concentrations (Fig. 2B).
Although some higher-order oligomers may form
under some conditions, the AUC results indicate
that, by far, the major oligomeric state is a dimer.
The dimerization reaction is cooperative with
respect to Ca2+ concentration
Since the abovementioned initial analysis strongly
indicates that the self-association of EF-SAM domain
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Fig. 2. Oligomeric state as a function of Ca2+. (A) Peak elution volumes from analytical gel-filtration chromatography;
the positions marked by arrows a and b correspond to estimated molecular masses of 70 and 27 kDa, respectively.
(B) Effective molecular masses as determined by AUC. Each concentration of the protein is in the range 5.0 ~ 13.1 μM.
(C) The effective equilibrium constant as given by AUC measurements. (D) Fractions of monomer as estimated from the
effective equilibrium constants under the assumption of a fixed 10 μM protein concentration.
2085Intrinsic Disorder and Signal Transduction in STIMis dimeric, we calculated the dissociation constant for
each sample by fitting the corresponding model to the
AUC measurements [24]. The resulting dissociation
constant showed an exponential dependence on
Ca2+ concentration (Fig. 2C). The dissociation
constants were then converted into monomer frac-
tions of EF-SAM domain by assuming a fixed 10-μM
protein concentration (Fig. 2D). We fit a Hill function
with an offset to the monomer fractions [m]:
1−að Þ m½ n
K n1=2 þ m½ n
þ a;
which gave a Hill coefficient of 3.0 ± 0.7 and a
half-maximal activation (K1/2) of 0.17 ± 0.02 mM.
The use of the offset a = 0.29 ± 0.05 reduced the
AIC (Akaike InformationCriterion) from −10.5 to −32.0
compared to a simple Hill function without offset. In
addition, we confirmed that models without coopera-
tivity (n = 1) have larger AIC values (−5.7 and −14.6;
without and with an offset, respectively), whichsupports both our use of the model and the interpre-
tation of the resulting Hill coefficient in terms of
cooperativity. The Hill coefficient and K1/2 are compa-
rable to those observed in vivo for STIM1 redistribution
(Hill coefficient = 3.8; K1/2 = 0.19 mM) and CRAC
current (Hill coefficient = 4.2; K1/2 = 0.17 mM) [23].
Although it is natural to expect that many other
phenomena (e.g., involvement of cytoplasmic do-
mains, tethering to the membrane, etc.) contribute to
the observed cooperativity in vivo, these results
demonstrate that the EF-SAM domain alone is
sufficient to exhibit cooperative oligomerization with
respect to Ca2+ concentration. Below we explore the
underlying physical mechanism for such cooperativity.
Cooperative oligomerization cannot be
explained by a simple allosteric model
In order to assess whether a simple allosteric
model can explain the observed cooperativity of the
dimerization with respect to Ca2+ concentration, we
2086 Intrinsic Disorder and Signal Transduction in STIMnext modeled the reaction mathematically using
conventional chemical reaction equations. Here, we
assumed that all possible monomer and dimer forms
of the EF-SAM domain could be accounted for by
their Ca2+ binding states: [M′] and [M] represent the
monomer concentrations with one and zero bound
Ca2+ ions, respectively; [D″], [D′], and [D] represent
the dimer concentrations with two, one, and zero
bound Ca2+ ions, respectively. The possible reac-
tions among these molecular species are as follows:
M + Ca2+ ↔ M′, D + Ca2+ ↔ D′, D′ + Ca2+ ↔ D″,
D ↔ 2 M , D ′ ↔ M + M ′ , D ″ ↔ 2 M ′ ,
D + Ca2+ ↔ M + M′, and D′ + Ca2+ ↔ 2M′, which
results in eight equilibrium constants. Note that the
reactions above are general enough to incorporate
potential allostery via cooperativity mediated by the
two cEF-hands of the dimer; that is, the association
constant for a dimer with one bound Ca2+ (D′) and a
free Ca2+ ion can be different from that for a dimer
without a boundCa2+ (D) or for an unboundmonomer
(M). For simplicity, in the following analysis, we
assumed that the Ca2+ concentration was much
higher than that of the protein and thus ignored
changes in Ca2+ concentration due to protein binding.
Also, because we were interested in the equilibrium in
vitro without inflow of energy, we further assumed a
condition of detailed balance, which relates equilibri-
um constants to each other. The system is then
described by three association constants for Ca2+,
K a ¼ M
0½ 
M½  Ca2þ
h i
K
0
a ¼
D0½ 
D½  Ca2þ
h i
K
00
a ¼
D00½ 
D0½  Ca2þ
h i ;
and one dissociation constant for the dimer without
Ca2+ binding,
K d ¼ M½ 
2
D½  :
The final expression for the effective dissociation
constant of the EF-SAM domain can then be written
as:
K effd ≡
M½  þ M 0½ ð Þ2
D½  þ D0½  þ D00½  ¼
1þ K a Ca2þ
h i 2
K d
1þ K 0a Ca2þ
h i
þ K 0aK
00
a Ca
2þ
h i2 :
From the resulting expression, it can be seen that
the monomer concentration ([M] + [M′]) is at mostlinear with respect to Ca2+ concentration, and thus,
this system does not show cooperativity in monomer
fraction with respect to Ca2+ concentration as in
Fig. 2D. Onemight have imagined a scenario in which
the dimer binds two Ca2+ ions in a cooperative
manner; however, the subsequent dissociation into
two monomers, each of which contains a single
Ca2+-binding site, cancels out this nonlinear depen-
dence on Ca2+ in the abovementioned system of
equations. The abovementioned formulation is gen-
eral given three basic assumptions: (1) that the Ca2+
concentration is much greater than the protein
concentration; (2) the condition of detailed balance;
and (3) that there are only two monomer and three
dimer protein species to be considered. Since the
resulting effective dissociation constant does not
agree with the exponential Ca2+ concentration
dependence obtained by our AUC measurements
(Fig. 2C), we must reject one or more of these
assumptions. The first is justified: Ca2+ concentra-
tions were indeed much higher than protein concen-
trations except for in the completely Ca2+ free
samples. The second assumption is more of a
convenience that allows us to write the equations in
a compact form; relaxing the detailed balance
condition does not result in the appearance cooper-
atively. However, the third assumption—that the
protein states can be described simply by the
occupancy of their Ca2+-binding sites—is not justified,
since Ca2+ concentration is known to affect the
stability of the EF-SAM domain, as discussed in detail
below. This forces us to conclude that it is impossible
to treat the dimeric EF-SAM domain as a simple
allosteric system.
As mentioned in Introduction, Hilser and Thompson
predicted that IDDs could facilitate allosteric coupling
[9], and these predictions have been borne out in
recent experiments [5–8]. Thus, it is worth investigat-
ing whether the lack of cooperativity in monomer
fraction with respect to Ca2+ concentration in our
chemical reaction equations above can be resolved
using their framework for modeling IDDs. For this
purpose,we introducedadditional unfolded states and
possible allosteric changes of the free energy
depending on conformation, following the Hilser–
Thompson formulation. However, even when these
unfolded species are explicitly included, the descrip-
tion of the cooperativity in monomer fraction with
respect to [Ca2+] does not qualitatively change (see
Appendix A). Thus, in spite of the apparent similarity to
the system considered by Hilser and Thompson, we
conclude that the mechanism of STIM1 EF-SAM
dimerization upon unfolding is distinct from their
mechanism. It has been suggested that the hEF-hand
motif contributes to the in vivo cooperativity of STIM1
[20]; however, since only the cEF-hand motif has
actually been shown to bind Ca2+, it is not clear how
the presence of the hEF-hand motif would give rise to
cooperative dimerization. These questions further
2087Intrinsic Disorder and Signal Transduction in STIMmotivated us to analyze the structural diversity of
EF-SAM domain as a function of Ca2+ concentration.
The EF-SAM domain cooperatively unfolds in
response to Ca2+ depletion
It has been shown that, upon Ca2+ loss, the helical
content of the STIM1 EF-SAM domain decreases
dramatically [17]. To understand the transition in
more detail, we examined the secondary structure of
EF-SAM domain at various Ca2+ concentrations in
the 0.0- to 1.0-mM range using CD spectroscopy.
The CD spectra of the STIM1 EF-SAM domain at 0.0
and 1.0 mM [Ca2+] agreed well with those reported
previously [17], and at intermediate Ca2+ concen-
trations, the spectra fell between these two extremes
(Fig. 3A). The change in CD ellipticity at 222 nm
obeyed a sigmoidal dependence on [Ca2+] (Hill
coefficient = 4.7 ± 0.6; K1/2 = 0.26 ± 0.01 mM),
similar to that observed in AUC measurements of
the monomer/dimer transition (Fig. 3B). The CD
spectra indicated that the alpha helical content
dropped upon Ca2+ depletion from a value of
N50% to nearly 10%; over the same range of Ca2+
concentration values, the beta strand content
remained low (~10%) (Fig. 3C). The CD spectra
are consistent with the known helix-rich structure of
the EF-SAM domain under Ca2+-loaded conditions
and partial unfolding upon Ca2+ loss [16]. A fit to the
alpha helical content returned a Hill coefficient =
5.9 ± 0.6 and K1/2 = 0.25 ± 0.01 mM, which is
qualitatively similar to the result based on the change
in ellipticity. In summary, upon Ca2+ loss, the STIM1
EF-SAM domain undergoes a cooperative transition
from a well-folded state to a mostly unstructured
state that mirrors the in vitro dimerization reaction
and the in vivo STIM1 redistribution and CRAC
current processes. These results strongly suggest
that protein unfolding may be involved in the
cooperativity observed in the dimerization reaction.Wavelength (nm)
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equation with offset.NMR analysis indicates EF-SAM dimers in
dynamic equilibrium
We next examined the NMR spectra of the EF-SAM
domain at Ca2+ concentrations spanning the critical
Ca2+ concentration for the monomer/dimerization
transition. The two-dimensional 1H-15N heteronuclear
single-quantum correlation (HSQC) spectrum of the
STIM1 EF-SAM domain at 0.5 mM [Ca2+] (Fig. 4A)
agreed well with published spectra [17]. The 1H and
15N chemical shifts were well dispersed, and each
peak was sharp, suggesting that the protein was
stably folded and existed in a monomeric state. As the
Ca2+ concentration was reduced, the positions of
well-dispersed peaks did not shift significantly; rather,
they displayed a gradual loss in peak intensity
accompanied by an accumulation of intensity in the
poorly dispersed (i.e., central) part of the spectrum,
characteristic of dynamic exchange between oligo-
mers, conformational flexibility, or both (Fig. 4B and
C). At 0.1 mM [Ca2+], the spectrum resembled the
previously reported Ca2+-depleted state [17]
(Fig. 4D). Although gel-filtration and AUC measure-
ments indicated that, in vitro, soluble EF-SAM
oligomers consist almost entirely of dimers in the
absence of Ca2+, the NMR spectra strongly sug-
gested that partially unfolded EF-SAM dimers are not
static and may consist of an ensemble of conforma-
tional states, consistent with the CD results. Since we
could not observe the apo EF-SAM domain structure
experimentally, we next examined the dynamics of the
structure computationally.
MD and sequence analysis indicate additional
intermediate states and intrinsic disorder of
EF-hands upon Ca2+ loss
Based on the abovementioned observations, a
qualitative interpretation of the observed dimeriza-
tion dependence on Ca2+ is that Ca2+ bindingFr
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Fig. 4. 1H-15N HSQC spectra. NMR spectra were acquired at four Ca2+ concentrations, as indicated. Red peaks are of
the resonances of 1Hε-15Nε, which appear at aliased positions.
2088 Intrinsic Disorder and Signal Transduction in STIMrequires a well-folded protein, which, in turn, requires
high Ca2+ concentrations. Conversely, dimerization
of the EF-SAM domain is likely to occur by
interaction between exposed hydrophobic residues
[16], which occurs only when Ca2+ concentrations
are low enough to promote unfolding. In order to
better understand the structural response of the
EF-SAM domain to Ca2+ loss, we carried out
replica exchange simulations of the Ca2+-bound
and Ca2+-free STIM1 EF-SAM domain. A heat
capacity–temperature diagram was used to find the
transitions (Fig. 5A) from which energy histograms
and intermediate representative conformations were
identified (Fig. 5B). To compare the stability of the
apo and holo EF-SAM monomers, we calculated
their specific heats (Cv) at different temperatures by
applying the weighted histogram analysis method
[25]. The sharp peaks in the Cv–T diagram indicate
unfolding transition events. The temperature of the
first transition of the apo EF-SAM domain was at
approximately 295 K, which was reported as 21 °C
based on CD thermal unfolding experiments [26].The corresponding temperature in the holo form
shifted to 314 K. Interestingly, we observed an
intermediate state, which features a shoulder at
322 K in the apo form that is not observed in the holo
unfolding simulations (Fig. 5C). The existence of an
additional intermediate state may be one reason why
the apo form unfolds more easily compared to the
holo EF-SAM domain. The apo molecular dynamics
(MD) trajectory in explicit water indicated that
electrostatic repulsion between negatively charged
residues in the EF-hands promoted unfolding under
conditions of reduced Ca2+ concentration. The
EF-hands are predicted to become intrinsically
disordered in the absence of Ca2+, as indicated by
both the RMSF (root-mean-square fluctuation) com-
puted from the explicit water MD simulation and
sequence-based intrinsic disorder prediction [27]
(Fig. 5D), consistent with both CD and NMR
measurements. From these simulations, we can
see that the hEF-hand, while not explicitly involved in
binding Ca2+, contributes significantly to the insta-
bility of the EF-SAM domain.
A
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Fig. 5. EF-SAM unfolding. (A) The specific heat is plotted as a function of temperature for apo and holo trajectories.
(B) Energy histograms indicate stable transition states A1-4 and H1-3 for apo and holo simulations, respectively. (C) The
intermediate state A2 observed in the apo but not in the holo simulation. (D) RMSF (black line) and intrinsic disorder (blue
line) are shown as a function of residue number.
2089Intrinsic Disorder and Signal Transduction in STIMCa2+ loss effectively acts as a chemical
denaturant for the EF-SAM domain
As described above, simple allosteric models
assuming a finite number of distinguishable protein
states do not explain the observed exponential Ca2+
concentration dependence of the dissociation con-
stant (Fig. 2C). Since CD and NMR measurements
and MD and sequence-based calculations all indi-
cate that reduction of Ca2+ leads to an increase in
the diversity of conformational states, an alternate
approach is to introduce continuous changes in
protein stability depending on the Ca2+ concentra-
tion through a thermodynamics-based description of
the system. We modeled the EF-SAM domain as an
equilibrium between monomeric and dimeric states
at a given Ca2+ concentration, 2μ ↔ δ, where μ and
δ include all possible conformations of monomers
and dimers, respectively, including both Ca2+-free
and Ca2+-bound forms. The equilibrium should then
be specified by the difference in the free energy as:
K d∝e
−ΔG Ca2þ½ ð Þ
RT ;where R is the gas constant and T is the tempera-
ture. Here, we have assumed that the difference in
the free energy, ΔG([Ca2+]), between the monomer-
ic and dimeric states, is Ca2+ concentration depen-
dent. That is, the landscape of the free energy with
respect to Ca2+ concentration is contained in the
functional form of ΔG([Ca2+]). Although the exact
functional form is not known, we can nevertheless
expand Kd to first order for small changes in Ca
2+
concentration, which gives
K d∝e
− Ca2þ½ ΔG0
RT ;
where ΔG′ is the derivative of the free energy with
respect to the Ca2+ concentration. This result
implies that the effective equilibrium constant
should, over small ranges, follow an exponential
dependence on Ca2+ concentration. Although high-
ly simplified, the abovementioned derivation agrees
remarkably well with the AUC data for Ca2+
concentrations in the range 0.0–0.7 mM (Fig. 2C).
In addition, from the fitted line, we could estimate
that ΔG′ is −7.5 ± 0.8 kcal mol−1 mM−1. We then
CA B
Fig. 6. Proposed model of EF-SAM dimerization. (A) The right side of the figure shows the Ca2+-bound EF-hand
monomers at high Ca2+ concentration with negative charges concentrated near the well-folded EF-hands. The left side of
the figure shows the partially unfolded dimer with negative charges of the disordered EF-hands distributed over a wider
volume of space and the stable SAM N-terminal helical hairpins forming the intermolecular dimer interface. (B) Rigidly
self-docked homodimer model of segment V134–L157 extracted from the calcium-bound EF-SAM domain with
hydrophobic and aromatic residues shown in stick representation. (C) Proteolysis experiments. The left panel shows the
time course of proteolysis by chymotrypsin, and the right panel shows the sequence segments with digested residues in
red and the predicted dimer interface indicated by underlined boldfaced characters. The boundary of the SAM domain is
indicated by a blue dotted box in segment 1. There was a two-residue ambiguity in the fifth segment, as indicated in 5a and
5b. Note: the full-length EF-SAM sequence includes a four-residue extension (PLCH) carried over from the plasmid used
for overexpression.
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respect to the monomer between 0.0 and 0.5 mM
[Ca 2 +] at 4 °C by |0.5 mM × ΔG ′ |/2 = 1.9 ±
0.2 kcal mol−1. This value is of the same order as
the experimentally measured value (3.2 kcal mol−1)
at 10 °C [17].
The exponential dependence of the effective
equilibrium constant with respect to the decrease in
Ca2+ concentration is analogous to that often
observed in unfolding by chemical denaturation, in
which the free energy shows a linear dependence on
denaturant concentration [28,29]. Taken together,
these results strongly indicate that Ca2+-dependent
protein unfolding drives the cooperative dimerization
of STIM1 EF-SAM domain.Proposed model of STIM1 EF-SAM dimerization
The observations above enable us to propose a
structural model for the Ca2+-dependent unfolding/
dimerization reaction (Fig. 6A). TheCD results indicate
that the apo form of the STIM1 EF-SAM has a helical
content of only 12–13%, corresponding to ~19
residues or ~5 full helical turns. It is likely that these
remaining helical residues form at least part of the
dimer interface, since regular secondary structures are
much more predominant than loops at homodimeric
interfaces [30]. Furthermore, the fact that only dimers
and not higher-order oligomers are observed in
solution suggests that the dimers form a closed (i.e.,
head-to-head) structure. Finally, according to both
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most stable regions in the EF-SAM domain consist of
helices located in the SAM domain. The above-
mentioned observations imply that EF-SAM dimeriza-
tion is likely to occur through interaction of
approximately 5 helical turns in the SAM domain.
There are two candidate regions that contain the
appropriate number of helical turns in the SAMdomain
that are stable upon unfolding simulations: the SAM
C-terminal helix (D183–F200) and the SAMN-terminal
helical hairpin (V134–L157). To assess the relative
likelihood of the SAM C-terminal helix or the SAM
N-terminal helical hairpin to homodimerize, we extract-
ed each from the native Ca2+-bound structure and
self-docked. High-scoring docked homodimers were
then subjected to explicit water MD simulations.
Asymmetric dimer structures were excluded in con-
sideration of the transmembrane helix that would
constrain dimerization in vivo; however, we cannot
rule out the possibility that asymmetric dimers might
form. The dimer composed of two SAM C-terminal
helices was found to be highly unstable due to
electrostatic repulsion between positively charged
residues (R184, R187, K189, K193). In contrast, the
SAM N-terminal helical hairpin was stabilized through
pairing of a hydrophobic face (V134, V137, L141,
V145) and stacking between aromatic groups W140
and Y144 (Fig. 6B). The proposed dimer interface of
the SAM N-terminal helical hairpin model was subse-
quently shown to be resistant to proteolysis by
chymotrypsin (Fig. 6C). In fact, the proteolysis results
show very close agreement with the sequence-based
intrinsic disorder prediction and the MD-based RMSF
calculation (Fig. 5D), which both indicate that, in
addition to the SAMdomain, a small C-terminal portion
of the hEF-hand is stable.
The EF-hands are rich in Asp/Glu compared with
Arg/Lys (21 versus 8 residues, respectively). At high
Ca2+ concentrations, the folded EF-SAM domain
buries hydrophobic groups and concentrates nega-
tively charged residues at the surface of a compact
globular domain. This high surface charge density
is likely to prevent EF-SAM dimerization under
Ca2+-loaded conditions. Upon Ca2+ depletion, the
EF-hand domains become disordered and distribute
their charges over a larger volume of space.
Dimerization via pairing of exposed hydrophobic
residues in the SAM N-terminal helices can then
proceed.Discussion
Recently, a number of reports have demonstrated
the important role of conditional disorder in signaling
molecules [4]. Since, by definition, disordered regions
in proteins are difficult to observe, it is likely that their
importance has been underappreciated compared to
the role of ordered domains. Similarly, the role ofdisorder-mediated cooperativity has only recently
been experimentally studied [5–8]. The cooperative
oligomerization of STIM1 is important for its role in
responding to Ca2+ depletion within the ER. It has
previously been shown that oligomerization of the
STIM1 luminal region is necessary for translocation to
the ER–PM junction and subsequent opening of the
Orai1 channel [23]. However, the direct relationship
between STIM1 oligomerization and Ca2+ binding
has not been described. Our in vitro measurements
indicate that the dominant oligomerization reaction of
the EF-SAM domain is that of monomer/dimer
equilibration and that the dimerization is cooperative
with respect to Ca2+ concentration. Interestingly, the
Hill coefficient and K1/2 of the in vitro reaction are very
close to the in vivo values for STIM1 redistribution and
CRAC current intensity as a function of ER Ca2+
concentration [23].
In order to deepen our understanding of the
underlying mechanism of this cooperativity, we
investigated the conformational changes in the
EF-SAM domain that occur upon Ca2+ depletion.
TheCDandNMRspectra presented here agreedwith
previous reports [17] and indicated that loss of defined
structure and dimerization occur concurrently; the
NMR results also strongly suggested that EF-SAM
oligomers exist in dynamic equilibrium. MD simula-
tions and sequence analysis were consistent with
these observations and indicated that the order-to-di-
sorder transition is driven by unfolding of the EF-hand
motifs. We observed an additional intermediate state
in the apo MD simulation that was not present in the
holo simulation that may be important for rapid
unfolding.
In order to quantify the dependence on Ca2+
concentration without having to treat each micro-
scopic conformational state explicitly, we expanded
the free energy to first order and obtained an
exponential dependence of the monomer/dimer
equilibrium constant on Ca2+ concentration. This
relationship is far more sensitive than what would be
obtained from treating the single Ca2+-binding site
explicitly with classical chemical reaction equations
and agrees remarkably well with the AUC results
over a wide range of Ca2+ concentrations. Interest-
ingly, this result implies that, to first order, the free
energy depends linearly on Ca2+ concentration, a
result commonly observed in equilibrium unfolding
by chemical denaturation [28,29]. This interpretation
suggests that although the hEF-hand domain is not a
classical allosteric site, or even a Ca2+-binding site,
it is highly prone to disorder and thus plays an
important role in coordinating EF-SAM responses to
Ca2+ loss.
It has recently been shown that dimerization of the
STIM1 luminal region results in conformational
changes in the cytoplasmic region that lead to Orai1
channel opening [19]. In this same study, the authors
argue that, since a STIM1 dimer contains only two
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Orai1 activation in vivo requires high-order oligomer-
ization [19]. Here, we present an alternative view in
which EF-SAM dimerization is itself cooperative with
respect to Ca2+ concentration owing to intrinsic
disorder rather than higher-order effects. If we accept
that the dimerization of the EF-SAM domain is
cooperative, it is reasonable to assume that all
downstream events, including CRAC channel open-
ing, will be cooperative as well. This is not to say that
cytoplasmic PPIs or higher-order oligomerization do
not contribute quantitatively to the observed coopera-
tivity in vivo. Rather, what the results presented here
imply is that the EF-SAM dimerization reaction is itself
sufficient formediating cooperativity to a degree that is
observed in vivo. In this respect, it is worth noting that
the Hill coefficients measured in two different in vivo
studies of STIM1 activation [22,23] differed by
approximately a factor of 2.
The functional importance of the order-to-disorder
transition in STIM1 has been discussed previously
[16]. Since protein folding in general [31] and folding
of multiple EF-hand domains in particular [32] has
been shown to be a cooperative process, and since
dimerization of STIM1 depends on unfolding, it is
perhaps not surprising that STIM1 exhibits cooper-
ative dimerization. Nevertheless, to our knowledge,
even a qualitative model of STIM1 cooperativity
based on Ca2+ dependent unfolding of the EF-SAM
domain has not been proposed previously. Here, we
present a mathematical model that both agrees with
experimental observations and describes the coop-
erativity quantitatively. From a biological point of
view, this model is interesting because it implies that
the stability of the EF-hands precisely and robustly
determines the Ca2+ concentration threshold for
EF-SAM dimerization.
We further show that the exponential dependence
of the dimerization dissociation constant on Ca2+
concentration does not follow from modeling by either
chemical reaction equations or the Hilser–Thompson
model of IDD-mediated allostery. The STIM1
EF-SAM/Ca2+ system is clearly allosteric in the
conventional sense that Ca2+ binding drastically
influences the EF-SAM homodimerization dissocia-
tion constant. However, since, strictly speaking, all
dynamic proteins are allosteric [33], and since current
allostery models do not capture the Ca2+ concentra-
tion dependence, the label “allosteric” would seem to
be insufficient to describe the STIM1 EF-SAM/Ca2+
system. Moreover, this may not be an isolated case,
given the abundance of EF-hand domains in signaling
proteins [34].
Our interpretation of the cooperativity mechanism is
consistent with the observation that the homologous
protein STIM2, which is more stable than STIM1 [35],
exhibits lower cooperativity with respect to Ca2+
concentration [22]. This, in turn, implies that protein
stability might tune the kinetics and thermodynamicsof other importantPPI networks, an intriguing prospect
given the abundance of disorder-containing proteins
in eukaryotes.
The in vitro experiments and simulations discussed
here allowed us to propose a structural model of the
Ca2+-dependent dimerization reaction (Fig. 6). In this
model, dimerization is predicted to occur via pairing of
exposed hydrophobic residues in the SAM domain.
We identified two potential dimerization interfaces,
one that involves the SAM C-terminal helix and the
other involving the SAM N-terminal hairpin. Our
flexible docking simulations indicated that the SAM
N-terminal hairpin dimer is much more likely to form
due to packing of hydrophobic residues and stacking
of aromatic residues; in contrast, strong electrostatic
repulsions in the hypothetical SAM C-terminal dimer
render this model infeasible. This SAM N-terminal
hairpin dimer model is admittedly speculative but is
supported by experiments showing that the predicted
dimer interface corresponds exactly to the portion of
the SAM domain that is protected upon proteolysis.
The dimermodel suggests a novel route for controlling
STIM1 activation by dimer inhibition, which is impor-
tant for activation in immune cells. Although STIM1
and Orai1 are broadly expressed in mammalian
tissues, the clinical phenotype of severe combined
immunodeficiency patients is predominantly that of
immunodeficiency. Given that the inhibition of SOCE
by attenuation of STIM1 or Orai1 function results in
amelioration of allergy [11], autoimmunity [36], and
inflammation [37] in animal models, artificial inhibition
of the partially unfolded EF-SAMdimermay open new
avenues to the development of beneficial therapies.Materials and Methods
Purification of EF-SAM fragment
AHis-taggedEF-SAM fragment fromSTIM1 inmousewas
overproduced in E. coli Rosetta2 (DE3) pLysS carrying
pET28a. Cells were grown in L broth medium containing
30 mg l−1 chloramphenicol and 20 mg l−1 kanamycin at
37 °C. When the optical density at 600 nm reached 0.5–0.6,
isopropyl-beta-D-thiogalactopyranoside was added to a final
concentration of 1 mM for induction of the expression. After
additional 27 h growth, cells were harvested by centrifugation
at 7000g for 10 min. The cells were suspended in buffer A
(10 mM Tris–HCl at pH 8.0) with a tablet of protease inhibitor
cocktail (Boehringer Mannheim). The cell suspension was
sonicated (AsTRASON model XL2020 sonicator; Misonix
Inc.) on ice and centrifuged at 80,000g for 20 min.
His-EF-SAM was found in the precipitant. After suspending
the precipitant in buffer B (buffer A supplemented with
100 mMNaCl) containing 1%TritonX-100,we sonicated and
centrifuged the suspensions. The precipitant was then
suspended in buffer B containing 2% beta-octylglucoside
and centrifuged. The precipitant was further suspended in
buffer B containing 6.0 M urea and centrifuged. The
supernatant was loaded onto a Q-Sepharose FF column
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containing 6.0 M urea. After the elution of unbound species,
His-EF-SAMwas eluted with an NaCl gradient of 50%/10 cv.
The solution diluted twice with buffer A was loaded onto a
Q-Sepharose HP column (5 ml) (GE Healthcare), equilibrat-
ed, and washed with buffer A containing 6.0 M urea. After the
elution of unbound species, His-EF-SAM was eluted with an
NaCl gradient of 50%/5 cv. Then, the sample fraction was
loaded onto a gel-filtration column, Superose 12 HR 10/30
column (GEHealthcare), equilibratedwith buffer A containing
150 mM NaCl and 6.0 M urea. For concentration of the
protein-containing fraction, the sample was loaded onto a
Q-Sepharose HP column (5 ml) and eluted with an NaCl
gradient of 50%/5 cv. The fraction containing His-EF-SAM
was concentrated with buffer C (buffer B supplemented with
5 mM CaCl2) containing 20% polyethylene glycol 20,000.
The His-tag was removed using proteolytic cleavage by
adding thrombin (GE Healthcare). The reaction was carried
out at room temperature for 100 min in buffer C at thrombin
andprotein concentrationsof 25 units ml−1 and0.5 mg ml−1,
respectively. To remove the N-terminally His-tagged peptide,
non-cleaved His-EF-SAM, and thrombin, we loaded the
sample solution onto a gel-filtration column, Superdex 75 10/
30 column (GE Healthcare), and equilibrated it with buffer C.Analytical ultracentrifugation
Sedimentation equilibrium AUC was performed using a
Beckman Optima XL-A analytical ultracentrifuge with an
An60Ti rotor (BeckmanCoulter). The proteinswere dissolved
in buffer B containing various concentrations of CaCl2 (0.0–
1.0 mM). Measurements were conducted at 4 °C at three
different speeds using charcoal-filled Epon centerpieces and
Quartz windows. Concentration profiles of the protein
samples were monitored by absorbance at a wavelength of
280 nm and recorded at a spacing of 0.001 cm in the step
mode, with 20 averages per step, for 10, 14, and 18 h after
each rotor speed was reached. Equilibrium data were
analyzed using BeckmanOptimaTMXL-A/XL-I data analysis
software, version 6.04, provided as an add-on to Origin
version 6.0 (MicroCal Inc.). The partial specific volume of
EF-SAM at 4 °C, 0.721 ml g−1, was estimated based on the
amino acid composition of each protein.Analytical gel-filtration chromatography
Analytical gel-filtration chromatography of EF-SAM con-
taining several CaCl2 concentrations was performed with
Superdex 75 HR 10/30 column (GE Healthcare) with a path
length of 0.5 cm. Gamma-globulin (158 kDa), ovalbumin
(44 kDa), myoglobin (17 kDa), and vitamin B12 (1.4 kDa,
data not shown) were used as size markers.Circular dichroism
Far-UV CD spectra (200–250 nm) were measured on a
Jasco-720 spectropolarimeter with a Peltier type cell holder,
which allows for temperature control (JASCO International
Co., Tokyo, Japan). Cylindrical fused quartz cells with 1 mm
path length were filled with 0.06 mg ml−1 protein dissolved
in buffer B and various concentrations of CaCl2. Spectra
were obtained by averaging five successive accumulationswith a wavelength step of 0.5 nmat a rate of 20 nm min−1, a
response time of 8 s, and a bandwidth of 2.0 nm. The CD
spectra were analyzed with the K2D2 program for prediction
of secondary structure [38].NMR spectroscopy
EF-SAM labeled uniformly with a 15N stable isotope was
expressed by culturing the transformed bacteria in an M9
minimal medium containing 1.0 g l−1 15NH4Cl as the sole
nitrogen source. The protein was purified as described above
and prepared at a protein concentration between 11.0 and
12.2 μM dissolved in buffer B containing 10% (v/v) D2O for
the NMR lock. NMR spectra were acquired at 293 K with a
Bruker Avance III 950 spectrometer equipped with a triple
resonance (1H, 15N, and 13C) cryogenic TCI probe with a
z-axis gradient coil. For the two-dimensional 1H-15N HSQC
spectroscopy experiments, the 1H carrier was set at the
frequency of the water resonance (4.821 ppm), and the 15N
carrier, at 119.63 ppm. The spectral widths (sampling
complex numbers) were set at 2994 Hz (150*) and
18,939 Hz (1536*) for the 15N and 1H dimensions, respec-
tively. For each free-induction decay, 128 scans were
accumulated. Measurement of each spectrum took 22 h.Proteolysis
The calcium-free EF-SAM domain was subjected to
digestion by chymotrypsin in buffer B at 25 °C. Chymotryp-
sin was added to an EF-SAM domain solution at a protein
concentration of 1.0 mg ml−1, at a ratio of chymotrypsin to
EF-SAM domain of 1:500 (w/w). Samples were collected
every 10 min, followed by SDS-PAGE analysis to observe
the state of digestion. We then analyzed the samples by
mass spectrometry acquired with an Autoflex TOF instru-
ment (Bruker Daltonics) to identify the amino acid sequence
of proteolytic products.Biochemical reaction equations
Canonical biochemical reaction equations with mass
action were used to model the EF-SAM dimerization. In
this analysis, the change in the Ca2+ concentration due to
binding to the EF-SAM domain was ignored since the Ca2+
concentration was much higher than the EF-SAM concen-
tration in the range of interest.Molecular dynamics
Discrete molecular dynamics (DMD) simulations [39,40]
were carried out using the holo SAM-EF domain structure
(Protein Data Bank identifier 2k60) [16] as a starting
conformation. For apo SAM-EF, the Ca2+ atom was
removed from the structure. Both apo and holo structures
were optimized by minimizing clashes using short all-atom
DMDsimulations at high temperature (~350 K). To compare
unfolding transitions of apo and holo EF-SAM domains, we
performed 50-ns replica exchange DMD simulations [41,42]
using 18 replicas with temperatures ranging from ~240 K to
~380 K. The weighted histogram analysis method [25] was
used to calculate specific heats (Cv) at different
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selected by extracting conformations ±2 kcal mol−1 from
eachpeak in the energy histogram, clusteringwith respect to
pairwise root-mean-square deviation and retaining the
centroid conformation of each cluster. RMSF calculations
were based on an 80-ns MD simulation in explicit water
using the cosgene/myPresto package [43] with AMBER
potential and TIP3P water model.Flexible docking
The surFit server‡ was used to generate rigidly docked
initial structures, which were then refined by explicit water
MD simulations, as described above.Acknowledgments
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In the text,weshow that a simplemodel basedonchemical reactionequationsdoesnot recapitulate theobserved
cooperative Ca2+ dependence of the monomer fraction (Fig. 2D). We then remarked that even when additional
unfolded states are considered, as in the Hilser–Thompson framework, the cooperativity in the monomer fraction
does not appear. In this appendix, we will clarify this point by including distinguishable unfolded state a la Hilser–
Thompson in our system.
First, let us review the original Hilser–Thompson framework briefly. In their work, the authors considered a
protein with two binding sites, I and II with the corresponding ligands A and B. They assumed that these
binding sites can take both folded and unfolded forms whose free-energy differences are ΔGI and ΔGII. In
addition they introduced an interaction energy Δgint between the folded binding sites. Then, in equilibrium
without ligand A, the probability of having a folded binding site for ligand B is given by:
PB;Folded ¼ N½  þ H2½ N½  þ H1½  þ H2½  þ U½  ¼
1þ K Iϕint
1þ K IIϕint þ K Iϕint þ K IK IIϕint
:
Here, [N] and [U] represent the concentrations of the nativeand completely unfoldedproteins, respectively. [H1]
and [H2] correspond to partially unfolded proteins with folded binding sites I and II, respectively. We have also
defined the following symbols following Hilser and Thompson:
K II ¼ exp −ΔGIIRT
 
;K I ¼ exp −ΔGIRT
 
;ϕint ¼ exp −
Δg int
RT
 
:
The existence of ligand A introduces additional states [N′] and [H1′], which correspond to states N and H1,
respectively, bound by ligand A. Then, in the presence of ligand A, the probability of having a folded binding site
for ligand B is shifted, as given by
PB;Folded ¼
N½  þ N0
h i
þ H2½ 
N½  þ N0 þ H1½  þ H01 þ H2½  þ U½  ¼
1þ K a A½  þ K Iϕint
1þ K a A½ ð Þ 1þ K IIϕintð Þ þ K Iϕint þ K IK IIϕint
;
whereKa is the intrinsic association constant for ligandA. This is the definition of allostery in their paper. Theynext
investigated when such a shift is maximized.
Now, let us assume that the abovementioned protein is an EF-SAM dimer and both ligands A and B are
identified as Ca2+. For simplicity, we will assume it to be a symmetric dimer so that it has two identical
Ca2+-binding cEF-hands with the same intrinsic association constantKa, andKunfold ≡ KI = KII. This assumption
simplifies the mathematics but does not affect the result qualitatively. Then, we can express the concentration of
each state in terms of the concentration of native protein, [N], as in the following table:
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ysimm.ifrec.osaka-u.ac.jp/surFit/.State Ratio to [N][N] 0 Native 1
[N′] 1 Native 2 Ka[Ca
2+]
[N″] 2 Native (Ka[Ca
2+])2[H] 0 Partially unfolded 2 Kunfoldϕint
[H′] 1 Partially unfolded 2 Ka[Ca
2+]Kunfoldϕint
[U] 0 Completely unfolded K2unfoldϕintNote that [N′], [H], and [H′] acquire an extra factor of 2 because both binding site I and II contribute and Ka is
defined for each binding site separately. Now, if we could ignore the dissociation of the dimer (which of course
we cannot when our focus is on the monomer fraction), the fraction of Ca2+-bound sites could be expressed
as:
Poccupied ¼ #of occupied binding sites#of total binding sites ¼
N0½  þ 2 N00½  þ H0½ 
2 N½  þ 2 N0½  þ 2 N00½  þ 2 H½  þ 2 H0½  þ 2 U½ 
¼
K a Ca
2þ
h i
þ K a Ca2þ
h i 2
þ K a Ca2þ
h i
K unfoldϕint
1þ 2K a Ca2þ
h i
þ K a Ca2þ
h i 2
þ 2K unfoldϕint þ 2K a Ca2þ
h i
K unfoldϕint þ K 2unfoldϕint
:
The quadratic term in the numerator indicates that this quantity shows cooperative dependence
on Ca2+ when dissociation of the dimer is not considered. However, note also that the degree of
cooperativity is atmost quadratic, just as in the simplermodel in the text, where the fraction of Ca2+-bound sites is
given by:
Poccupied ¼ D
0½  þ 2 D00½ 
2 D½  þ 2 D0½  þ 2 D00½  ¼
K
0
a Ca
2þ
h i
þ 2K 0aK
00
a Ca
2þ
h i2
2þ 2K 0a Ca2þ
h i
þ 2K 0aK
00
a Ca
2þ
h i2
These results imply that the addition of distinguishable unfolded states does not increase the degree of
cooperativity beyond that of the simpler model.
For a more realistic calculation, we would have to include the dissociation of the dimer. Instead of performing
this calculation explicitly, we will simply make an analogy with the abovementioned calculation. The resultant
expression of Kd with additional distinguishable unfolded states contains a quadratic term in its numerator as
in the abovementioned expression of the fraction of Ca2+-bound sites. However, this is again the same result
we obtained for Kd using the simpler model; that is, the inclusion of additional unfolded states does not
qualitatively affect the degree of cooperativity in Kd. Therefore, we must reach the same conclusion as in the
simpler model; namely, the monomer fraction is at most linear after we consider the dissociation of the dimer.
In other words, the cooperativity with respect to [Ca2+] in the fraction of Ca2+-bound sites does not imply
cooperativity in the monomer fraction. Since it is the later quantity that was observed to behave cooperatively
with respect to [Ca2+], we must look elsewhere for an explanation of this behavior.Received 3 November 2013;
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